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Most re-entry vehicles utilize a Descent and Landigp System (DLS) for a safe descent
through the lowest part of the atmosphere. It usudy requires deployment in a certain
suitable range of flight conditions, which has to b estimated by limited means of navigation.
This paper presents a comparison of currently usedrigger methods and triggering
algorithms which are based on correlation betweenniflight measurements and the DLS
triggering conditions, where the correlations havebeen extracted by multiple Monte Carlo
campaigns. This approach gives a significant impraement of triggering accuracy over
direct measurements for a ballistic re-entry. Alsca lateral g-load safety trigger is developed
to prevent the angle of attack oscillation escalain. Furthermore a sensor sensitivity analysis
is performed for a lifting entry trajectory in order to support an upcoming ESA re-entry
mission. The velocity drift appears to be the domiant dispersion by a factor ten for Mach
estimation. Finally a case study has been performe investigate the possibility to reduce
the footprint by a dynamic parachute opening window This could be effective for Mars re-
entry using a parachute able to deploy beyond MacB.5, which would reduce the footprint
by up to several tens of kilometers.

Nomenclature

AoA = Angle of attack

Ca = Longitudinal axis aerodynamic force coefficient
DLS = Descent and Landing System

IMU = Inertial Measurement Unit

M = Mach number

m = Vehicle mass

MC = Monte Carlo

PDF = Probability Density Function

R = Coefficient of determination

Set = Vehicle reference surface

V = Vehicle velocity

r = Longitudinal non-gravitational acceleration
p = Air density

o = Standard deviation
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I. Introduction

M ost re-entry vehicles utilize a Descent and Lan@pgtem (DLS) for a safe descent through the lowastof

the atmosphere. It usually requires deployment irceatain suitable range of flight conditions. The
investigation goal is to find a simple, suitableydaprecise solution to DLS system activation, wher¢he
deployment window may be very limited and the rénernehicles may not employ advanced navigatioriesys.
This DLS trigger system can range from a simplesg@réimer to much more complex system, employindfipie
sensors and capability to respond to off-nomirighfl conditions. Determination of the deploymenhditions and
constraints may not be straightforward and mustelsémated onboard the vehicle by combining various
measurements. However adding complexity might tealmore versatile system, but might reduce riitipb

II. Scope

This paper reflects a theoretical investigatiorriedrout at Thales Alenia Space Italy in cooperatidth Delft
University of Technology in order to improve the ®lriggering algorithms for ballistic flight and set a baseline
for a lifting re-entry flight in order to suppofte existing and upcoming European re-entry vehmiisions. Due to
their mission characteristics the ballistic antrig re-entry vehicles have been considered seggrat

The DLS triggering architecture must be designed iway to guarantee the DLS operation in its gicaliion
range and minimum possible flight parameter didpassin order to increase the mission success.pEn@rmance
and reliability is assessed by Monte Carlo simatattampaigns where a set of 3 or 6 degree-of-freettajectory
simulations have been performed by an in-house-fiifglity flight mechanics simulation tool on realission
derived re-entry vehicles. Part of the work is dedoto studies of possible landing footprint sizeluction by
utilization of advanced navigation systems and fmgith supersonic drogues. This should be beneffoial
recovery operations on earth and landing accuraaytloer planets

lll.  Modeling

The re-entry trajectory and the sensors are to ddetad. The modeling of the re-entry is performgd=MST,
‘Flight Mechanics Simulation Todf. FMST is a Matlab coded package, which has presfgitle models, gravity
and atmospheric models in order to perform trapgcsimulations, batch and Monte Carlo analysis @foapace
vehicles. Sensor models are coded into the FMSKggac To estimate the system performance, the taicées
and their sources must be introduced in order éaterrealistic inputs for the study cases. Thezelaee kinds of
uncertainties in this model:

1. Measurement errors of sensors due to bias, bitisadd noise.

2. Modeling errors. Vehicle’s inertial and aerodynamioperties, trajectory and environment are based o

assumptions, wind tunnel data and models.

3. Initial condition dispersion due to injection unizénties such as velocity, position as well aschesi

attitude and rates.

For a wide investigation of algorithms, it is asgahthe vehicle can be equipped with different typlesensors;
3-axis accelerometers, g-switches, gyros, air gatdbes and pressure gauges. Using the propertigbest
measurements during the trajectory, the accuradhese measurements is determined. GPS is notasspdmary
sensor due to its insufficient reliability due hetblackout and the fact it cannot be used on gileerets. The lifting
body should be able to estimate or measure itsi@étj velocity and position vectors based on igstial or hybrid
navigation system. The parachute can be triggengdsdénsors thresholds, peak values, integral valoes,
combinations in cooperation with other sensors tamdrs. Specifically, the 6 degree of freedom satiohs have
revealed that vehicle’'s angle of attack oscilladi@nd trim angle deviations can have major impacthe DLS
system triggering conditions and performance.

IV. Ballistic re-entry algorithms
For the ballistic re-entry 22 triggering logics kdween analyzed with measurement of g-loads, dynand static
pressure. A specific feature of the developed #lgos is their correlation to the dispersions, idey to adapt to the
specific flown trajectory within the band of unagrity. These correlations are obtained by two megsents along
the trajectory and then correlated to the time ireguo reach the desired deployment conditions.
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A. Correlated algorithm development

Figure 1 on the left, shows a g-load curve of didia re-entry with the investigated points ofeéngst. On the
right side a correlation example is given; the adahreshold time difference between point 7 an(tl8 is
correlated with the time to deployment indicated tfee nominal trajectory at point 9 and the thrédtad point 8
(t2). After selection of a specific correlation qmiple, Monte Carlo analysis can be used againptimize the
threshold values, e.g. 8gto 6 g, 8 gto 5 gtd g etc.
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Figure 1. G-load correlation points of interestOn the left side the re-entry g-load curve is degaawith 8 points
of interest and the deployment point 9. On thetrighcorrelation of the time from point 7 to 8 isosvn from the

Monte Carlo analysis.

This correlation is coded to an algorithm from whibe flow diagram is displayed in Figure 2. Thesaple
linear logics can be obtained by a microcontralieby an analogue board, form which capacitorsrasdtors are
sufficient to build a timer and linear regressiBuch simplicity is desired in order to provide gthreliability of the
system. All these algorithms contain a time interdaasurement and a correlation, which calculdtegitne from
the measured time interval to the deployment timbjch depends on the dispersions. After the inferva
measurement is completed, at least 10 secondvaitelde for calculation and possible signal nasgpression. A
further advantage of introduction of a time delafdoe the deployment is the elimination of measuanerrors
induced by the angle of attack oscillations, whiemain small above Mach 2, for this reason it indfigial to
measure not at the last second, but at the poiatenine vehicle is the most stable, and the cdiwalés the highest.

Timer

.

Save time value
first sensor
threshold

Save time value
second sensor
threshold

Subtract times
and put in
linear function

add result to
threshold time
For deployment

Deployment
signal

Sensor
activation

Figure 2. Algorithm flow diagram. This figure shows which steps a correlated trigggrialgorithm is
programmed to do, as soon as it is activated.

B. Algorithm accuracy results

When different measurement methods are comparkddgmeasurements and dynamic pressure measurements
are similar performing and outperforming barometneasurements by almost a factor of 2 on accutdowever,
since it will be very difficult to directly measutbe dynamic pressure, the latter one is discarbedg derived
measurements might be suitable to estimate dynpraasure, however, this is a pseudo measuremeneddrom
the g-loads, for which direct correlation to théoges are then preferred. These correlated algosithre compared
to single threshold triggers in order to measuedr therformance, while still excluding sensor noiSgure 3 shows
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the Mach number dispersion such a single threstade and to the best performing correlated alguarithhich is
the correlation of two g-load thresholds at the efithe trajectory, which is basically a measurehwdrthe g-load
slope.
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Figure 3. Parachute trigger Mach dispersionsOn the left side the Mach dispersion of a singteghold trigger is
shown, the right side shows the dispersion of aetated algorithm.

The Figure shows a clear increase in accuracyetdthrelated algorithm. If the distribution is apached to be
Gaussian, a simple timer has a Mach dispersion® &, the single threshold trigger a dispersion of (B44and
the correlated algorithm had a dispersion of 0.42 Static pressure measurements show similar impnewng a
Mach dispersion of 0.55¢3is obtained by a single barometric measuremengreds a Mach dispersion of 0.22 3
is obtained by a correlated barometric algorithiguFe 4 shows similar results on the altitude disijpm. The
increase of accuracy is less than the Mach estimabiecause the correlated algorithm is correl&tetthe Mach
values. The Mach number was chosen to be optimikedause in the study case mission, the Mach ogenin
window was the smallest and therefore the mostatitThe altitude dispersions for a timer, a thadd and the g-
slope correlation are 2198, 1707 and 996cmeZpectively.
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Figure 4. Parachute trigger altitude dispersionsOn the left side the altitude dispersion of a sntireshold
trigger is shown, the right side shows the disgersif a correlated algorithm.

C. High fidelity modeling

After a first selection round, the best performenghitectures high fidelity models are developed #ested.
High fidelity models are Simulink based models vehére behavior of various sensors and data prowessits has
been simulated, including measurement noise arsed Bigure 5 shows the output of the high fidelitgdal trigger.
Since there is a time delay build in, post processan be performed to filter the noise. A 10 poialving average
proved to be sufficient to eliminate most of théseo

For off-nominal performance testing, a de-orbit fonattion is simulated by increasing the flight pathgle
dispersion up to 1 degs3and a velocity dispersion of 130 m/s uniform. Agie Monte Carlo run is performed with
0.1 g sensor noise and the result is displayedgaré 5: Because the algorithm is adaptive and waitelated to
flight path angle dispersions, the algorithm iseald stay within the parachute opening window, whsr
uncorrelated algorithms would have a high probgbdi triggering outside the deployment window anducing
parachute failure.
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Figure 5. Mach dispersion as a function of the seos noise. A moving average noise filter can be applied
because there is a time delay which allows postgssing which can effectively reduce the noise

D. Lateral g-load triggering

Besides the well familiar g-load and the G-loads mach profile
correlation based triggering techniques, :
additional criteria may be employed to
guarantee the mission success. Many of thq
ballistic re-entry capsules are known to
become unstable in transonic speeds
Knowing that aerodynamic uncertainties : :
exist, the DLS triggering window may ’ ‘axial loads
overlap the range where instability :

Bl N SIS SRS A lateral . loads. ...

g-loads

phenomena may occur leading to high angle ; : - due 10 :AoA :
of attack oscillations. These oscillations |l ................. E...05(;|l|;§1t|ongs ................
induce lateral g-loads which can be used td TR SRR, E b f R SR §
activate a safety trigger. Usually for capsules : i i §
a Sma” Variation Of angle Of attack causes A2 b ................ ................. ................. . ”
positive or negative normal force variations, ] S NP SV SN b ¥l
which at certain angle of attack exceed thosg § f § : 2]
ones encountered prior to instability. If a 185 5 m 15 o "
lateral load algorithm is combined with Mach

another baseline algorithm (such as timer o

axial g-load based which prevents from early Figure 6. G-loads vs Mach number profiles projectedn

triggering), a safe triggering range can be vehicle's body axis.
easily achieved by utilization of simple

mathematical operations (such as absolute valuk)aaics, which can be also realized without utitian of digital
signal processing devices.

:
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| <g loads> y lul e L»
-load sensor H
g Abs treshold OR |
Jul »|>1.6 (I)_;)Sri:?cir DLS trigger
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Figure 7 Later g-load trigger — very simple architeture.

The following examples illustrate results from M@nsalations of vehicle, which is similar to European
EXPERT re-entry capsule. A timer has been seleasebaseline triggering criteria. Figure 8 and Feg@iillustrate
the results if DLS got activated only based onl#teral g-load triggering criteria. Figure 9 andjiiie 10 illustrate
results in combination with the baseline triggermgeria — timer. The results are based on 100GtklcCarlo
simulations, taking into account all missions’ utiamties. The lateral g-load triggering criteri@anks particularly
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good if the slope of axis coefficient with respéetangle of attack is linear up to maximum AoA whican be
tolerated by the DLS (so, for conical re-entry \oids).
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Figure 9. Histogram of AoA at triggering. Lateral
g-load trigger limits the angle of attack valuebhe
shape of histogram depends on vehicle's
aerodynamic behavior.

P
16
Mach number

Figure 8. 1000 MC results of angle of attack
versus mach number plotsAngle of attack
instability in certain circumstances may occur
before DRS triggering

o
m—“’f ’.‘ 260 -
+
RLZ
b P8
=13 - B 200
"ty
:'_ 5 é 150
3 :
b b - _
2F : g 0
+
0 i i i i i 0 F ;
1.4 15 18 17 18 19 2 21 0 2 4 B 8 10 12
mach Final total ACA, deg
Figure 10. Angle of attack versus mach number Figure 11. Histogram of angle of attack at
at the moment of DLS triggering. triggering moment.

E. Conclusions for ballistic re-entry triggering

Using correlated algorithms improves the accurdmy, it is a function of the chosen types of disjars.
Performance of the algorithms will vary for eveiiffetent case. These algorithms can be build witwitches and
simple electronics, but can also be used with atJ I&hd a processing unit. The time delay between the
measurement and the deployment allows processimgftr noise reduction. To prevent AoA oscillatestalation,
measuring above Mach 2 is beneficial; alternatiValgral g-load triggering can be used.

V. Lifting re-entry trajectory

A lifting re-entry parachute trigger requires afeiiént approach with respect to ballistic capsutes;ause the
vehicle is actively controlled during the re-enpidyase. This means the measured conditions canramirbedated to
specific initial flight conditions. These maneuveen bee seen in Figure 12 on the left, which shbesiominal g-
loads profile of the entire flight until the paraté deployment. The peaks in this curve are dumeaneuvering and
are not pre-determined. Also static pressure triggewill be inaccurate, because the deploymera apecified
Mach number is not correlated to a specific stptessure and the pressure rate is too small. $hiésplayed in
Figure 12 on the right, showing 10 Monte Carlo datians for the supersonic phase of the flight. theise reasons
continuous data acquisition and processing is redqui
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G-loads time profile in body axis
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Figure 12. Lifting re-entry profiles. On the left the g-loads are displayed, showinggfead peaks due to roll and
bank maneuvers. On the right, ten Monte Carlo pesfshow that the supersonic regime can be at ddfgrent
pressure environments.

A. Drag derived Mach estimation

A method to estimate flight conditions with a notrusive measurement is drag derived (altitude) (®D The
DDA measurement is a means of estimating the d#itoy combining the measurements of aerodynamiodor
gravitational) accelerations, aerodynamic and apmesc modefs With the altitude estimation the standard
atmospheric temperature and thus the Mach numberbeaestimated. The non-gravitational componenthef
deceleration is extracted from the IMU (x-directigiigure 12) and together with the vehicle’s mastrence area,
its longitudinal axis aerodynamic force coefficiamid the integrated velocity; the air density carebtimated using
Eq.(1) . Using a standard atmosphere profile, imation of the altitude can be made.

mr 2

P =——— = bV Q)
o Sref D::A }é

Using the standard atmosphere profile, also thadst@ atmosphere temperature can be used in aréstiinate
the vehicle’s Mach number. Using this drag derimezhsurement method, the altitude, dynamic presmdeviach
number can be determined, which are the parametéch define the parachute opening window.

A sensitivity analysis is performed to determine ttominant error in the drag derived Mach estinmatibhe
following sensor errors are investigated:

* G-force measurement noise

*  Velocity estimate drift

» Angle of attack estimate bias

* Velocity measurement noise

It appears the velocity drift is a dominant errgrféactor 10 compared to other sensor errors. Hecten of the
IMU, this velocity drift will be the driving paranter. Unfortunately, also a wind vector superimposéth the
velocity measured drift. The Mach estimation disper induced by the velocity drift is presentedrigure 13. The
error due to the aerodynamic uncertainty of thaladiag coefficient is small since a large estioragrror of 20%
of the density will induce an altitude error ofdekhan 1.5 km because the density is exponentigd. iiduces only a
1 K error on the atmospheric temperature if depleytis in or above the tropopause.
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Figure 13. Mach dispersion as a function of the IMUvelocity drift. The IMU velocity drift is almost completely
responsible for the Mach estimation error.

B. Constant temperature Mach estimation

If the drogue deployment is between 11 and 30 kitudé, a more simple Mach estimation method canswsl.
Since the temperature is very stable in the stpltmr® and has a squire root relation with the spéesbund, the
speed of sound can be assumed constant. In thes deeg derived measurements are not required alydtloe
velocity has to be known, which can be divided bgomstant speed of sound to estimate the Mach numbe
Furthermore, the parachute deployment has to bferpsd at only one instant on which the temperatae be
optimized to achieve similar performance as theydfarived measurements. Using Monte Carlo simuiatithis
leads to a 8 result of Mach 0.0678 for a velocity bias of 2Gswhich is the same for a drag derived measurement
Figure 14 shows for both Mach estimation methods #stimation on the nominal trajectory.

Mach number - time profile
30 T T T

T T
Real Mach number
Constant temperature Mach estimation

\\ Drag derived Mach estimation
25 =

Mach number [-]
= N
(%)) o

[
o

o

| | | | |
300 400 500 600 700 800 900 1000 1100 1200 1300
Time [s]

Figure 14. Lifting re-entry Mach profile with Mach estimation methods.Both Mach estimation profiles will
converge to an acceptable error below Mach 5, wisamore than sufficient for parachute deployment.

VI. Footprint Reduction investigation

If the flight conditions can be estimated accusgttie parachute opening window size might be useampen the
parachute prior or post the nominal conditionsriteo to reduce the footprint of the re-entry vedigllanding site.
This way the longitudinal axis of the ellipse camdecreased. Furthermore it will be investigate@tivar a more
robust parachute can make a significant reductfdhenlanding site footprint in order to have a seontrolled re-
entry. Such a controlled deployment might be arrimediate step from the uncontrolled ballistic Htigand lift-
vector control used for a completely guided resentr
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A. Applicability for footprint reduction study

The investigation for footprint reduction by a dyma parachute opening window aims on to investighte
opportunities and limitations of such a methodcduld be used for precision landings for small fointts or as a
simple reduction of large footprints. A precisi@ndling would be possible if the footprint size isimilar size as
the reduction possible by the dynamic parachutéoglepent. Unfortunately this is not the case, thetfioint size of
the re-entry missions investigated are at leastentioan twice the possible reduction size by a paracin ideal
circumstances. For this reason, a simple reductiethod is investigated to reduce footprints indhger of tens of
kilometers, while this will also give an insight athwould be a feasible footprint size for precisiandings.

B. Footprint reduction deployment control

From early analysis it was determined that eveh witery robust drogue, the footprint can neverduaiced to
a theoretical zero, because the amount of kilomettuction achievable by an adaptable drogue deot time
will never be at the same size of current re-eftogprints. For this reason, the deployment algponidoes not have
to make a very fine estimation of the right momeideployment: Defining three discrete instantsleployment is
already sufficient to have a theoretical reductidr66.7 % compared to a single point deploymentominal
conditions. So, the algorithm will be developedi#dine just 3 ‘settings’: 1) ‘flight path undershb@) ‘on nominal
course’, and 3) ‘flight path overshoot’. The cohtatgorithm will deploy at a defined high Mach nuenbwhen the
vehicle’s flight path to overshoot its landing sited will deploy at a lower bound mach number wtenvehicle is
defined to undershoot its nominal landing site.sTiill keep the algorithm simple and more imporgninakes it
possible to make a very course, and thus an easstitnate, downrange prediction. For the footpaimalysis again
the Mach range is determined to be the driving ipatar.

C. Footprint reduction on earth re-entry

An investigation has been performed on a ‘generéeth ballistic re-entry mission. The end parthaf trajectory
is plotted in Figure 15. The difference in distacogered between Mach 3 and 1.5 is around 4 kmglwiiould be
about the maximum footprint reduction possible védtiery robust drogue parachute. For a drogue basimilar
mach range capability as the upcoming ESA EXPERSsion, the total reduction possible would be arolusdkm.
With a footprint of more than 20 km, such a reduttiloes not prove itself of added value, withoetdevelopment
of hypersonic decelerators.

20000
18000 - o
16000 -
14000 -|
giizgg : ——Deployment at M = 1.5
E 80001 Deployment at M = 1.7
< Deployment at M = 1.9
6000 Deployment at M = 2.1
4000 4 ——Deployment at M = 2.5
2000 4 Deployment at M = 3.0
0 T ‘ \ \ \
1010 1012 1014 1016 1018 1020 1022
Downrange [km]

Figure 15. Terminal descent trajectory profiles wih deployment at different Mach numbers.

D. MER footprint reduction case study

Mars has a rare atmosphere and low gravity comparedrth, these phenomena increase the distamea fth
the supersonic regime. Footprints on Mars in gdraeabigger than on Earth because less is knowntdartian
atmosphere which has got a high variability, tthesmodeling uncertainties atmosphere are also hitezluction
of these footprints is desired in order to incretse probability of a landing on a flat area, whiokreases the
probability of a mission success.

In order to make a realistic footprint reductioralysis, first a realistic re-entry scenario habacset: Due to the
availability of public data, the MER missions amested to serve as a test scenario.For a firginstaction
attempt the results are very satisfying: Opporjuhés landed within the determined landing ellipad is 5.53 km
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of the nominal determined landing point, see FigiBe Unfortunately, Spirit has landed outside af tanding
ellipse and is 19.20 km from the nominal landingnpd. Also the determined deployment conditions can be
reconstructed within a 5% error, except Spirit dgpient altitude (149%5. For a footprint reduction case study this
reconstruction is sufficient, because the footppitformance is compared to the self made nomemsg @and not to
the NASA determined footprint and real landing thma

To produce a baseline for a footprint reducing athm, the analysis is performed two times. Thstfanalysis
is based on deployment on exact knowledge of tlcleds longitude. The sensor part is left out liistcase in
order to analyze the size of the footprint reducfimssible by changing the deployment time, whichinmited by
the parachute’s deployment capabilities in termMath number. Acquiring position information durifight by
sensors could be obtained by correlating groundy@sanade during flight with a ground map datab@kés would
be a new technology to be developed and for tlisae a second analysis is performed. This analgsis g-load
correlations in order to predict the downrange fioand correct it by parachute deployment. Thisnesion is
independent of navigational inputs. This resultarineasy implementable algorithm, but has lesfottreduction
performance.

The goal of the combination of this double analysi® have an indication of the maximum footpretluction
achievable, which is limited to the parachute cdjtids and to determine minimum footprint reductio
requirements, which are driven by the navigatiostesy capability. For the footprint reduction thajeéctory of the
MER-B vehicle (Opportunity) is used.

E. MER footprint reduction limited on parachute capabilities

The footprint reduction achievable is mainly a filme of two related parameters; the Mach deployméntow
and the maximum deployment Mach number. The footpreduction capability increases exponentiallythié
parachute’s maximum Mach number is increased, lsectae Mach opening window will get larger, theoedl is
higher so more distance can be covered and tha fligth angle is shallower. This can be seen insibigar plot of
Figure 16. A higher Mach number deployment is alssirable to land at higher elevations on Mabevelopment
of a parachute with a higher opening velocity tharrent Viking technology might be designed withthbenefits
in mind.
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Figure 16. Maximum footprint reduction as function of the parachute opening Mach range and Maximum
deployment Mach number. The footprint reduction capability increases withlaager opening window and a
higher maximum Mach number.

F. MER footprint reduction using only g-load measuremats

To specify minimum requirements, g-load correlatiane used in order to define the desired instptu@chute
deployment. As mentioned in paragraph VI B, onhgéhsettings are investigated to simplify the atpar. So four
correlations are needed:

1. A correlation to determine the downrange from thigal point, this is a function of the actual velei
mass, aerodynamic uncertainties, the flight trighflpath angle and most of all, the actual atmesph
conditions. For such an algorithm, no navigatiarabrs can be corrected.

2. High velocity deployment, to compensate for oveatho

3. Nominal velocity deployment

4. Low velocity deployment, to compensated for undeoth
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The g-load threshold correlations are shown in fegli7. It can be seen that although no navigatipuiti is
added, the downrange can be predicted by corrgldtiwith the time between g-load thresholds atarly phase
during the re-entry with a%of 0.81. The downrange is divided into an undessliange, a nominal range and an
overshoot range. These downrange prediction rangegates one of the other 3 correlations which wsed to
determine the selected deployment Mach numberairag described in paragraph IV.

Downrange correlation Mach 2.3 deployment
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Figure 17. G-load correlations used for dynamic tigering. R? vales are: 0.80 ,0.89 0.92,0.87 from upper left to
right and down left to right respectivly.

The correlated algorithms are capable of redudiegdotprint from 53.51 km to 38.23 km, a reductidri5.29
km, which is about 28.6 %. The footprint reductiam go up to 25 km, which is 48 % when additioraligation
inputs are added. The results of a 10000 run MGaro analysis are presented in Figure 18.

Perfect navigation trigger G-load based trigger
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Figure 18. Footprint ellipses generated by Monte Q¢ analysis. The figure on the left shows the footprint
reduction possible limited on the parachute captéd, the right side figure shows the reductiorsgible using g-
load correlations only.

A remark must be made of the mathematical backgt@fnhe generation of thes2llipse. The developed ellipse
is such that the 2-dimensional probability is 99673assuming a Gaussian circular distributfotHowever, the
perfect navigation control algorithm creates steggnéhanges in the simulation, which makes the RIptokurtic
with a kurtosis of 6.15, whereas the nominal lagdootprint has a slightly platykurtic PDF of 2.94.

VII. Conclusions

This parachute triggering investigation involvedeth cases, a ballistic re-entry and a lifting reayean Earth and
a ballistic re-entry on Mars. For the earth batlise-entry it can be concluded that correlate@wdigms outperform
the current used threshold triggers on accuracythadability to adapt to off-nominal de-orbitingurthermore,
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adding a time delay between the measurement andcti@l deployment has the benefits of providingcpssing
time for noise reduction and removing the axiabged measurement error for possible angle of atbacklations
divergence. Alternatively, a lateral g-load triggan be used to prevent angle of attack oscillasnalation.

For the lifting re-entry, drag derived measuremearts found to be a very suitable non-intrusive mesasent
method to estimate deployment conditions. The vglameasurement by the IMU is the driving paramdtar
parachute triggering by a factor 10, compared tothler measured variables used for drag deriveasorements.
Furthermore, assuming a constant stratosphere tatnpe might already provide sufficiently accurdiach
estimation for parachute deployment. This removesaecalculation and measurement steps comparéuetdrag
derived measurements.

Footprint reduction by the use of a dynamic openimgdow of the parachute is found to be ineffectiveearth,
but has potential on Mars. A reduction of 25 kmldolbe achieved if current Viking parachute techgglas
stretched to a maximum Mach number of 3. A highmring velocity is already desired in order to b do land
on the Martian highlands. Modified parachute desicgn be developed to incorporate both benefits.
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